The G4C2 hexanucleotide repeat expansion mutation in the C9orf72 gene is the most common genetic cause underlying both amyotrophic lateral sclerosis and frontotemporal dementia. Pathologically, these two neurodegenerative disorders are linked by the common presence of abnormal phosphorylated TDP-43 neuronal cytoplasmic inclusions. We compared the number and size of phosphorylated TDP-43 inclusions and their morphology in hippocampi from patients dying with sporadic versus C9orf72-related amyotrophic lateral sclerosis with pathologically defined frontotemporal lobar degeneration with phosphorylated TDP-43 inclusions, the pathological substrate of clinical frontotemporal dementia in patients with amyotrophic lateral sclerosis. In sporadic cases, there were numerous consolidated phosphorylated TDP-43 inclusions that were variable in size, whereas inclusions in C9orf72 amyotrophic lateral sclerosis/frontotemporal lobar degeneration were quantitatively smaller than those in sporadic cases. Also, C9orf72 amyotrophic lateral sclerosis/frontotemporal lobar degeneration homogenized brain contained soluble cytoplasmic TDP-43 that was largely absent in sporadic cases. To better understand these pathological differences, we modelled TDP-43 inclusion formation in fibroblasts derived from sporadic or C9orf72-related amyotrophic lateral sclerosis/frontotemporal dementia patients. We found that both sporadic and C9orf72 amyotrophic lateral sclerosis/frontotemporal dementia patient fibroblasts showed impairment in TDP-43 degradation by the proteasome, which may explain increased TDP-43 protein levels found in both sporadic and C9orf72 amyotrophic lateral sclerosis/frontotemporal lobar degeneration frontal cortex and hippocampus. Fibroblasts derived from sporadic patients, but not C9orf72 patients, demonstrated the ability to sequester cytoplasmic TDP-43 into aggresomes via microtubule-dependent mechanisms. TDP-43 aggresomes in vitro and TDP-43 neuronal inclusions in vivo were both tightly localized with autophagy markers and, therefore, were likely to function similarly as sites for autophagic degradation. The inability for C9orf72 fibroblasts to form TDP-43 aggresomes, together with the observations that TDP-43 protein was soluble in the cytoplasm and formed smaller inclusions in the C9orf72 brain compared with sporadic disease, suggests a loss of protein quality control response to sequester and degrade TDP-43 in C9orf72-related diseases.
Introduction
TDP-43 proteinopathies such as amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration (FTLD) are progressive neurodegenerative diseases pathologically characterized by the presence of TAR DNA-binding protein 43 (TDP-43) neuronal cytoplasmic inclusions (Seelaar et al., 2007; Blokhuis et al., 2013) . In addition to shared TDP-43 pathology, ALS and FTLD present as a clinical spectrum (Hinz and Geschwind, 2017) . Approximately 15% of patients with clinical manifestation of FTLD, i.e. frontotemporal dementia (FTD), is diagnosed with ALS, and up to 30% of ALS patients meet the diagnostic criteria for FTD (Hinz and Geschwind, 2017) . These shared pathologies and overlapping clinical presentations, together with the discovery of the G4C2 hexanucleotide repeat expansion (HRE) mutation in the C9orf72 gene as the most common genetic cause of ALS and/or FTLD (ALS/FTLD; Renton et al., 2011; Rademakers, 2012) , suggest common pathogenic mechanisms for ALS and FTLD. Patients with C9orf72-related ALS/FTD are clinically indistinguishable from those with sporadic ALS/FTD (Sha et al., 2012) . Pathologically, C9orf72-associated disease is characterized by the pathognomonic finding of cerebellar neuronal inclusions that are positive by immunohistochemistry for p62 (sequestosome-1), but negative for phosphorylated TDP-43 (pTDP-43; Pikkarainen et al., 2010; Al-Sarraj et al., 2011; Bigio et al., 2013) .
TDP-43 is essential for regulating transcriptional events (Sephton et al., 2012) and its expression level in neurons is tightly regulated (Polymenidou et al., 2011) . Previous studies reported that expression of exogenous human TDP-43 protein in transgenic mice causes neurodegeneration (Wils et al., 2010; Igaz et al., 2011) , suggesting that excess TDP-43 could be toxic to the central nervous system. TDP-43 is prone to spontaneous aggregation into oligomers that are cytotoxic (Johnson et al., 2009; Takalo et al., 2013) , which supports a role for the Graphical Abstract overabundance of TDP-43 to cause neuronal injury. However, it remains unknown whether an increase of TDP-43 protein level is linked to ALS and FTLD pathogenesis because the protein level of TDP-43 in the brains of ALS and FTLD patients has not been established. Although dysfunction in protein quality control systems that target excess proteins for degradation, such as the ubiquitin-proteasome system (UPS; Ciechanover, 1994) and the autophagy pathway (Klionsky et al., 2012) , have been proposed for ALS and FTLD pathogenesis (Shahheydari et al., 2017) , it is unclear whether these pathways are affected in sporadic and C9orf72-associated ALS and FTLD patients.
The mechanisms responsible for TDP-43 pathology in sporadic and C9orf72-associated ALS and FTLD remain largely unknown. Differences in p62 inclusions between sporadic and C9orf72-associated ALS and FTLD in the cerebellum prompted us to determine whether TDP-43 inclusion body formation is different between sporadic and C9orf72-associated ALS and FTLD, which may provide valuable insights into the pathogenesis of these diseases. Studies of TDP-43 inclusions in the FTLD brain is difficult because the concomitant diagnosis of ALS can affect FTLD pathology (Mackenzie et al., 2006; Cairns et al., 2007; Mackenzie et al., 2011a) . An advantage to focusing on ALS patients with FTD and FTLD is that this is a more homogeneous group of subjects to investigate the differences in TDP-43 pathology between sporadic and C9orf72-associated diseases. In addition to examining TDP-43 pathology in vivo, we also performed complimentary in vitro experiments using patient-derived cells to investigate differences in the underlying mechanisms of TDP-43 inclusion body formation and protein control pathways between sporadic and C9orf72 patients. Overall, our findings demonstrate that C9orf72 patients are characterized by unique in vivo and in vitro features in TDP-43 inclusion body formation that are distinct from sporadic cases, which may have clinical and pathophysiological implications.
Materials and methods

Patient tissue samples and generation of patient-derived fibroblasts
For pathological studies, post-mortem brain tissues were obtained from the brain bank maintained by the Emory Alzheimer Disease Research Center under proper Institutional Review Board protocols. All patients were diagnosed with ALS and were cared for at the Emory ALS Center (Umoh et al., 2016) . The clinical diagnosis of FTD, for selection of cases for fibroblast generation, was made based on established clinical diagnostic criteria (Rascovsky et al., 2011) by an experienced neurologist (J.D.G.). The neuropathological diagnosis of FTLD with TDP-43 pathology was made by experienced neuropathologists (M.G. and J.D.G.) based on published criteria (Cairns et al., 2007; Mackenzie et al., 2011b) . The presence of a C9orf72 HRE mutation was assessed from DNA extracted from the post-mortem brains of ALS/ FTLD patients using the published PCR method as described previously (DeJesus-Hernandez et al., 2011; Umoh et al., 2016) . Clinical and pathological information from all individual cases, including disease status, age, sex and post-mortem interval are provided in Supplementary  Table  1 and summarized in Supplementary Table 2 . All patients with ALS/FTLD had a clinical diagnosis of ALS with behavioural variant FTD.
For the generation of fibroblast lines, patients diagnosed clinically as ALS/FTD or ALS underwent skin biopsy after informed consent was obtained from the patient and the patient's legal power of attorney. Samples were de-identified and processed as described previously to obtain fibroblasts (Konrad et al., 2017) . Fibroblasts were cultured in Dulbecco's modified Eagle medium supplemented with 10% foetal bovine serum. Cultured fibroblasts were studied at passages ranging between 7 and 15. Experiments with patient-derived fibroblasts were approved by the Institutional Review Board at Emory University (IRB00064365).
Immunohistochemistry of brain tissue
Paraffin-embedded sections from frontal cortex, hippocampus, occipital cortex and cerebellum (8 lm thickness) were de-paraffinized by incubation at 60 C for 30 min and rehydrated by immersion in graded ethanol solutions. Antigen retrieval was by microwaving in 10 mM citrate buffer (pH 6.0) for 5 min followed by allowing slides to cool to room temperature for 30 min. Endogenous peroxidase activity was eliminated by incubating slides with hydrogen peroxide block solution (Fisher) for 10 min at room temperature followed by rinsing in phosphate buffered saline. Non-specific binding was reduced by blocking in ultraVision Block (Fisher) for 5 min at room temperature. Sections were then incubated overnight with primary antibodies (refer to Supplementary Table 3 for a full list of antibodies used in this study) diluted in 1% BSA in phosphate buffered saline for 30 min in room temperature or incubated without primary antibody as a negative control. Sections were rinsed in phosphate buffered saline and incubated in labelled ultraVision LP detection system horseradish peroxidase-polymer secondary antibody (Fisher) for 15 min at room temperature. Slides were imaged for analysis using an Aperio Digital Pathology Slide Scanner (Leica Biosystems). For immunofluorescence, slides were processed as described above except that fluorescent secondary antibodies (Jackson ImmunoResearch Laboratories) were used instead of biotinylated antibodies. Tissue sections were analysed using immunofluorescence confocal microscopy as described previously (Lee et al., , 2012 .
Quantification of inclusions in the hippocampus
Hippocampal sections were chosen for quantification analyses because this brain region was routinely examined in previous reports of C9orf72-associated FTLD cases and is known to have abundant TDP-43 inclusions in FTLD cases (Al-Sarraj et al., 2011; Bigio et al., 2013) . For the quantification of TDP-43 and p62 neuronal cytoplasmic inclusions, sections stained with an antibody against pTDP-43 (Seilhean et al., 2009; Brettschneider et al., 2014) or p62 were analysed. The dentate gyrus in each image was manually annotated as the region of interest using custom JavaScript web-based applications. Images then underwent colour normalization using the Reinhard method (Reinhard et al., 2001) and colour deconvolution into two separate channels to discriminate the neuronal nuclei stained with haematoxylin from pTDP-43 or p62 inclusions visualized by 3,3 0 -diaminobenzidine chromogen. For each channel, Laplacian-of-Gaussian filtering as applied by the HistomicsTK Python toolkit (GitHub, https://github.com/DigitalSlideArchive/ HistomicsTK) was used, and the Al-Kofahi method (Al-Kofahi et al., 2010) was used to detect individual nuclei and inclusions. To prevent background staining from being counted as an inclusion, we calculated the Euclidean distance from the middle point of each pTDP-43 or p62 marking to the middle point of every nucleus and excluded any immunostaining that was not near any nucleus as determined by a pre-defined threshold. Using these methods, the inclusion sizes, the total number of hippocampal inclusions, the total number of hippocampal neuronal nuclei, the number of inclusions per non-overlapping low-power field, the number of neuronal nuclei per non-overlapping low-power field and the area of each inclusion were measured. The median inclusion sizes and the percentages of neurons with pTDP-43 inclusions and/ or p62 inclusions were calculated for the entire hippocampus from each case. In addition, the percentages of hippocampal neurons with pTDP-43 inclusions from at least 20 low-power fields were determined and averaged for each case. Statistical analyses of the inclusion sizes and the percentages of neurons with inclusions were performed using individual cases as the experimental unit.
For quantification of double immunofluorescence staining, hippocampal sections stained with antibodies against p62 and the C-terminal of TDP-43 were subjected to confocal microscopic analyses. The C-terminal TDP-43 antibody, in contrast to the pTDP-43 antibody, reacts with all species of TDP-43 protein. Low-power field images were examined in a blinded manner and scored for the number of TDP-43-positive/p62-positive (defined as p62-positive inclusion that co-localized with TDP-43) and TDP-43-negative/p62-positive (defined as p62-positive inclusion that did not co-localize with TDP-43) inclusions. The total number of hippocampal cells in each field was determined by 4 0 ,6-diamidino-2-phenylindole (DAPI) staining. The percentages of hippocampal cells with each type of inclusion were determined and averaged from at least 10 low-power fields per case. Statistical analyses of the percentages of hippocampal cells with inclusions were performed using individual cases as the experimental unit.
Fractionation of human frontal cortex tissue
Frozen frontal cortex tissue (0.1 mg) was randomly selected from three to five patients per group by our co-author (S.A.) who was blinded to group (three control patients, three C9orf72 ALS/FTLD and five sporadic ALS/ FTLD cases total). The tissue was thawed in 1 ml of ice-cold homogenization buffer (10 mM HEPES/KOH, pH 7.4, 1 mM EDTA) containing 250 mM sucrose, and homogenates were centrifuged at 10 000 g for 10 min to pellet the non-soluble nuclei/unbroken cells/inclusion bodies fraction and to obtain the supernatant as the soluble cytosol fraction as previously described (Shaiken and Opekun, 2014) . Equal volumes of the total, nuclear/unbroken cells/inclusion bodies and cytosol fractions were analysed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and by sequential immunoblotting for TDP-43, the nuclear marker NeuN (Aber et al., 2003; Misztal et al., 2017) , the cytosolic marker glyceraldehyde 3-phosphate dehydrogenase (GADPH) and actin. Soluble cytoplasmic TDP-43 protein levels from non-over-exposed images obtained using the Bio-Rad ChemiDoc MP imaging system were quantified (Giles et al., 2008; Lee et al., 2011) using NIH ImageJ and were normalized to total TDP-43 protein level. To further control for protein quantities in each fraction, soluble cytoplasmic and total TDP-43 protein levels were normalized to the cytoplasmic and total GADPH protein levels, respectively, followed by normalization of soluble TDP-43 protein level to total TDP-43 protein level.
Quantification of TDP-43 level in brain tissues
Frozen brain tissue from the frontal cortex, hippocampus, occipital cortex and cerebellum were homogenized with a Teflon-glass homogenizer in 10 volumes of 1% SDS, followed by a combination of boiling and sonification. An equal amount of total proteins from each lysate was subjected to immunoblot analyses. TDP-43 protein levels from non-over-exposed images obtained using the Bio-Rad ChemiDoc MP imaging system were quantified as described (Giles et al., 2008; Lee et al., 2011) using NIH ImageJ and were normalized to actin protein level. Actin was chosen as an appropriate loading control since its protein level is not significantly altered between control, C9orf72 ALS/FTLD, sporadic ALS/FTLD and sporadic ALS tissues from various brain regions when normalized to the corresponding total protein as determined by Ponceau S staining (data not shown).
Treatment of fibroblasts with proteasome and autophagy inhibitors
Fibroblasts from two control patients, three C9orf72 patients (one with clinical ALS/FTD and two with clinical ALS) and three sporadic patients (one with clinical ALS/ FTD and two with clinical ALS) were incubated for 24 h at 37 C with proteasome inhibitor MG132 (20 lM, Sigma), autophagy inhibitor bafilomycin A1 (50 nM, Sigma), or vehicle (0.1% DMSO) as described previously (Giles et al., 2008; Lee et al., 2011) . For immunoblot analysis, fibroblasts were lysed with 1% SDS, and an equal amount of total protein from each lysate was analysed by SDS-PAGE. The protein levels of TDP-43 were quantified using NIH ImageJ (Giles et al., 2008; Lee et al., 2011) and then normalized to the corresponding actin levels. Quantification of LC3-II/LC3-I ratio was performed as described previously (Klionsky et al., 2012) .
Immunocytochemistry and quantification of co-localization and signal intensity
Fibroblasts were fixed in 4% paraformaldehyde and processed for immunofluorescence confocal microscopy as described previously (Olzmann et al., 2007; Lee et al., 2012) . The percentage of co-localization for each cell was determined by the percentage of the immunostaining by the first primary antibody [anti-pTDP-43 (Seilhean et al., 2009; Sabatelli et al., 2015) , anti-TDP-43 or anti-p62] that was co-localized with the immunostaining by the second primary antibody (anti-p62 or anti-TDP-43) or with DAPI staining. Co-localization was quantified on unprocessed images of cells double-labelled for TDP-43, p62 and/or DAPI as previously described (Webber et al., 2008; Lee et al., 2011) . Single cells were selected by manually tracing the cell outlines. The background was subtracted and the percentage of the first primary antibody overlapping with the second primary antibody or DAPI staining was determined for each cell (Webber et al., 2008; Lee et al., 2011) . The signal intensities of pTDP-43 and p62 immunostaining were quantified on unprocessed images of cells stained with either pTDP-43 or p62 as previously described (Lee et al., 2012) . Single cells were selected and with background subtracted as above, and the signal intensity for either pTDP-43 or p62 was measured with NIS Elements (Nikon) and normalized to DAPI signal intensity level for each cell (Kreiling et al., 2011; Serebryannyy et al., 2016) . For statistical analyses of signal intensity and co-localization, results from at least 30 randomly selected cells were averaged per patient, and analyses were performed using individual cases as the experimental unit. Fibroblasts from two control patients, three C9orf72 patients (one with clinical ALS/FTD and two with clinical ALS) and three sporadic disease patients (one with clinical ALS/FTD and two with clinical ALS) were analysed.
Statistical analysis
Data were subjected to statistical analyses by Student's ttests, one-way ANOVA or two-way ANOVA using the SigmaPlot software (Systat Software, Inc.) Results were expressed as mean 6 standard error of the mean (SEM). A P-value of <0.05 was considered statistically significant. The experimental units, the specific statistical tests, the test statistics, degrees of freedom as subscripts to the test statistic and the exact P-values were reported in Supplementary Table 4 .
Data availability
The data supporting the findings of this study are available from the corresponding authors upon reasonable request.
Results
Sporadic ALS/FTLD brain has more frequent and larger pTDP-43 inclusions compared with C9orf72 brain Using a phospho-TDP-43-specific antibody, we performed immunohistochemistry on C9orf72 ALS/FTLD brain and confirmed the pathognomonic findings of p62-positive inclusions in the absence of pTDP-43 inclusions in the cerebellum ( Supplementary Fig. 1 ). In contrast, sporadic ALS/FTLD brains showed complete absence of pTDP-43 and p62 inclusions in the cerebellum ( Supplementary Fig.  1 ). We further compared sporadic and C9orf72 disease pathology in the hippocampus with quantification analyses and found that sporadic ALS/FTLD brain contains numerous round and circumferential pTDP-43 inclusions throughout the hippocampal dentate gyrus as previously reported (Tan et al., 2017) , whereas hippocampal pTDP-43 inclusions were notably less obvious in C9orf72 patients ( Fig. 1A) . Quantitative analyses showed that sporadic ALS/FTLD cases demonstrated a trend to having more overall pTDP-43 inclusions in the hippocampus compared with C9orf72 patients, though this did not meet statistical significance (Supplementary Fig. 2A ). However, pTDP-43 inclusions were more frequently seen in sporadic ALS/FTLD when quantifying the density of pTDP-43 inclusions under low-power fields for each case and analysed using each case as the experimental unit ( Fig. 1B) . In contrast to pTDP-43 inclusions, p62 inclusions were significantly more numerous in the hippocampal dentate gyrus of C9orf72 patients compared with sporadic patients (Fig. 1A, Supplementary Fig. 2B ). Another notable finding was that pTDP-43 inclusions in the hippocampus of C9orf72 patients were quantitatively smaller than those seen in sporadic cases (Fig. 1A , C and D). Both round and circumferential pTDP-43 inclusions were also found in the frontal cortex of sporadic ALS/ FTLD cases but were less obvious in C9orf72 ALS/FTLD frontal cortex ( Supplementary Fig. 3 ). These findings were not influenced by TDP-43 inclusion subtypes (Mackenzie et al., 2006; Cairns et al., 2007; Mackenzie et al., 2011a) . The results illustrated in Fig. 1B and C were unchanged when only cases with TDP-43 type B inclusions were present in the quantification analyses (data not shown).
Compared with the dentate gyrus and frontal cortex, pTDP-43 inclusions were rarely found in the occipital cortex and absent in the cerebellum in sporadic and C9orf72 ALS/FTLD ( Supplementary Figs. 1 and 3 ).
Cytosolic TDP-43 is soluble in C9orf72 ALS/FTLD brain but forms inclusions in sporadic cases
To further define TDP-43 pathology in sporadic and C9orf72 ALS/FTLD brains, we chose a well-characterized antibody against the C-terminal of TDP-43 that detects both phosphorylated and non-phosphorylated forms of full-length TDP-43 and its C-terminal fragments (Wils et al., 2010) . We found that the frontal cortex and hippocampus ( Fig. 2A ) of sporadic ALS/ FTLD brain contained abundant TDP-43 cytoplasmic neuronal inclusions. These inclusions had the same morphologies as those detected using the anti-pTDP-43 antibody. In contrast to sporadic ALS/FTLD, the C-terminal TDP-43 antibody detected fewer neurons with TDP-43 cytoplasmic inclusions in C9orf72 ALS/FTLD brains ( Fig. 2A ). In addition to consolidated TDP-43 inclusions, the C-terminal TDP-43 antibody identified a subpopulation of neurons in C9orf72 ALS/FTLD with diffuse cytoplasmic staining in the frontal cortex ( Fig. 2A , Supplementary Table 1 ). This diffuse immunostaining by the C-terminal TDP-43 antibody was distinct from the inclusion morphology identified by pTDP-43 antibody in C9orf72 ALS/FTLD brains (Fig. 1A) , and was not always associated with complete loss of nuclear TDP-43 expression (i.e. nuclear clearing) as typically reported with TDP-43 cytoplasmic inclusions (Neumann et al., 2006) . In contrast, neurons with TDP-43 cytoplasmic inclusions did show nuclear clearing ( Fig. 2A) .
To determine whether the diffuse cytoplasmic TDP-43 staining seen in C9orf72 brain represents mis-localization of soluble, cytoplasmic TDP-43, we performed subcellular fractionation of frontal cortex from C9orf72 and sporadic ALS/FTLD patients. We isolated a fraction consisting of soluble cytosolic proteins and another fraction containing the nucleus, unbroken cells and inclusion bodies ( Fig. 2B, Supplementary Fig. 4 ). Our results showed that C9orf72 frontal cortex contained a soluble cytosolic fraction of TDP-43 that was absent in control and minimally present in sporadic ALS/FTLD frontal cortices (Fig. 2B-D) , suggesting that the diffuse cytosolic staining seen by immunohistochemistry in C9orf72 likely represents soluble cytoplasmic TDP-43.
C9orf72 ALS/FTLD is characterized by TDP-43 negative/p62-positive inclusions
We addressed the occurrence of co-aggregation of TDP-43 and p62 using double fluorescence immunohistochemistry. In sporadic ALS/FTLD brains, the overwhelming majority of hippocampal dentate gyrus neurons containing TDP-43 inclusions were positive for p62 ( Fig. 3A and  B) . TDP-43-positive/p62-positive neurons were also seen in the C9orf72 hippocampus (Fig. 3A) , but were much less abundant than in sporadic ALS/FTLD (Fig. 3A and  B ). There were numerous inclusions positive for p62 but negative for TDP-43 in C9orf72 hippocampus, reminiscent of pathology in the cerebellum, but this pattern of staining was virtually absent in sporadic ALS/FTLD ( Fig. 3A and C) . These findings in the C9orf72 hippocampus, together with a complete lack of TDP-43 inclusions and an abundance of p62 inclusions in the cerebellum ( Supplementary Fig. 1 ), indicate that TDP-43negative/p62-positive inclusions are a pathological feature that distinguishes C9orf72 ALS/FTLD from sporadic ALS/FTLD in hippocampus as well as in the cerebellum.
TDP-43 inclusions in sporadic and
C9orf72 ALS/FTLD are autophagy substrates Additional double immunofluorescence analyses using the C-terminal TDP-43 antibody demonstrated that TDP-43 inclusions of various sizes in both sporadic and C9orf72 ALS/FTLD hippocampi co-localized with ubiquitin ( Fig. 4) which represents the deposition of ubiquitinated proteins, including TDP-43 (Neumann et al., 2006; Richter-Landsberg and Leyk, 2013) . In addition, the chaperone heat shock protein 70 kDa (HSP70), which is thought to protect neurons from toxicity of misfolded proteins (Turturici et al., 2011) , co-localized with TDP-43 inclusions in both sporadic and C9orf72 ALS/FTLD hippocampus ( Fig. 4, Supplementary Fig. 5 ). These TDP-43 inclusions also co-localized with and/or were surrounded by the autophagosome marker LC3 and the lysosome marker lysosome-associated membrane protein 2 (LAMP2; Fig. 4) . Hippocampi from control patients did not demonstrate co-localization between TDP-43 and these markers ( Supplementary Fig. 5 ). Thus, TDP-43 inclusions in sporadic and C9orf72 ALS/FTLD share similar characteristics and are likely substrates for autophagy.
Sporadic and C9orf72 ALS/FTLD patients have elevated TDP-43 protein levels in the frontal cortex and hippocampus Whether TDP-43 protein levels are altered in sporadic and C9orf72 ALS/FTLD brains has not been established. Immunoblotting of post-mortem frontal cortex and hippocampus demonstrated elevated TDP-43 levels in both sporadic and C9orf72 ALS/FTLD patients as compared with controls ( Fig. 5A and B, Supplementary Fig. 6 ), consistent with results from our recent proteomic analysis of frontal cortex tissues (Umoh et al., 2018) . The actin loading control did not show differences between sporadic and C9orf72 ALS/FTLD patients and controls ( Fig. 5A and B) . TDP-43 protein levels did not differ between sporadic and C9orf72 cases ( Fig. 5A and B) . Elevated levels of TDP-43 protein were not observed in clinically unaffected regions of the brain such as the cerebellum (Fig. 5C,  Supplementary Fig. 6 ). Increased TDP-43 protein levels were also not seen in the frontal cortex and hippocampus of sporadic ALS patients without clinical FTD or pathological FTLD diagnoses ( Supplementary Fig. 7) . Western blot analysis of sporadic and C9orf72 ALS/ FTLD also revealed the presence of lower molecular weight TDP-43 species in the frontal cortex ( Fig. 5A ) and hippocampus ( Fig. 5B ) that were significantly less prominent in controls and likely represent C-terminal fragments of TDP-43. Amongst these fragments, the protein bands at 35 kDa and at 25 kDa correspond to previously reported TDP-43 C-terminal fragments termed TDP-35 and TDP-25, respectively (Neumann et al., 2006; Igaz et al., 2008) . TDP-25 is of particular interest as it was recently implicated to be cytotoxic (Yang et al., 2010; Gregory et al., 2012) . These results suggest that excess TDP-43 in the frontal cortex and hippocampus is associated with the increased presence of potentially toxic Cterminal fragments that could contribute to the pathogenesis of sporadic and C9orf72 ALS/FTLD.
Sporadic and C9orf72 ALS/FTD fibroblasts demonstrate impairment in proteasomal degradation of TDP-43
The finding of elevated TDP-43 protein levels in both sporadic and C9orf72 ALS/FTLD brains and the smaller TDP-43 inclusion size in C9orf72 ALS/FTLD brains prompted us to further investigate these observations using an in vitro cellular model. Patient-derived fibroblasts from clinically diagnosed sporadic and C9orf72 ALS/FTD patients show abnormally increased TDP-43 protein levels as compared with controls (Sabatelli et al., 2015) , which made this an attractive cellular model for studying how excess TDP-43 protein is processed in patient-derived cells. Note that the sporadic ALS/FTD fibroblasts were generated from living FTD patients who also had ALS, since the pathology of sporadic FTD in ALS patients is exclusively FTLD-TDP regardless of the clinical FTD subtype (Neumann et al., 2006; Neumann et al., 2007) .
Our finding of excess TDP-43 protein in the frontal cortex and hippocampus of sporadic and C9orf72 ALS/ FTLD patients (Fig. 5 ) raised the possibility that TDP-43 turnover via the UPS may be impaired in these patients. To test this possibility, we first assessed the effects of proteasome inhibition on steady-state protein levels of TDP-43 in patient-derived fibroblasts (Fig. 6A,  Supplementary Fig. 8A ). Proteasome inhibition by MG132 had no effect on TDP-43 protein levels in sporadic and C9orf72 ALS/FTD and ALS fibroblasts, suggesting that TDP-43 protein is not degraded by the UPS in fibroblasts from these patients ( Fig. 6A and B) . In contrast, proteasome inhibition significantly increased TDP-43 protein levels in control fibroblasts, indicating that TDP-43 is normally degraded by the UPS (Fig. 6A and B ). In addition, HMW TDP-43 species were seen in vehicle-treated sporadic and C9orf72 disease fibroblasts but were only found in control fibroblasts after proteasome inhibition with MG132 ( Fig. 6A) , indicating that HMW species likely represent accumulation of ubiquitinated TDP-43. Proteasome inhibition by MG132 also had no effect on poly-ubiquitinated protein levels in sporadic and C9orf72 disease fibroblasts, suggesting the inability of the proteasome pathway to degrade poly-ubiquitinated proteins in these fibroblasts ( Supplementary Fig. 8B and C) . Together, these findings suggest that TDP-43 degradation via the proteasome pathway is impaired in both sporadic and C9orf72 disease fibroblasts which could be responsible for the accumulation of TDP-43 protein in ALS/FTLD brains. Sporadic ALS/FTD fibroblasts degrade TDP-43 via autophagy more effectively than C9orf72 fibroblasts When the UPS fails, proteins such as TDP-43 have the potential to form oligomers which are small protein aggregates (Ross and Poirier, 2005; Johnson et al., 2009) . Aggregated proteins are cleared by the autophagy pathway where autophagosomes engulf these aggregates and then fuse with lysosomes to eliminate them via enzymatic degradation (Klionsky et al., 2012) . Autophagy activation causes the conversion of LC3-I to LC3-II, and LC3-II is subsequently degraded by autophagy (Klionsky et al., 2012) . We first examined whether there was a difference in autophagy activation by studying LC3 conversion in these fibroblasts. Our results show that LC3-II/ LC3-I ratio is low in control fibroblasts and is significantly higher in both sporadic and C9orf72 disease fibroblasts ( Fig. 6A and C, Supplementary Fig. 8 ). To see whether this increase in LC3-II/LC3-I ratio in sporadic and C9orf72 ALS/FTD and ALS fibroblasts resulted from autophagy activation or from impairment of autophagic degradation and subsequent build-up of LC3-II, we treated fibroblasts with the autophagy inhibitor bafilomycin A1. Bafilomycin A1 treatment resulted in further increase in the LC3-II/LC3-I ratio in sporadic and C9orf72 disease fibroblasts, indicating that autophagy degradation of LC3-II was intact in these cells ( Fig. 6A and C) . Therefore, it is likely that the increased LC3-II/LC3-I ratio in sporadic and C9orf72 disease fibroblasts compared with control fibroblasts reflects an activation of autophagy in sporadic and C9orf72-associated disease.
We examined the effects of bafilomycin A1 on TDP-43 protein levels and found that it raised TDP-43 protein levels in sporadic disease fibroblasts ( Fig. 6A and B) . A trend towards an increase in TDP-43 protein levels in C9orf72 cells did not reach statistical significance ( Fig. 6A and B) . These findings suggest that although UPS is impaired in both sporadic and C9orf72 disease fibroblasts, the autophagy pathway is responsible for degrading TDP-43 in these fibroblasts and further implies that autophagic degradation of TDP-43 may be more robust in sporadic cases compared with C9orf72 cases.
Proteasome inhibition causes TDP-43 aggresome formation in sporadic ALS/FTD but not in C9orf72 fibroblasts
The pTDP-43 inclusions were not seen in vehicle-treated sporadic ALS/FTD fibroblasts (Fig. 7A ), but proteasome inhibition with MG132 resulted in pTDP-43 accumulation in inclusion bodies (Fig. 7A) . These findings are consistent with prior studies demonstrating the induction of TDP-43 phoshorylation by MG132 in cells (Nonaka et al., 2009; van Eersel et al., 2011) . The perinuclear location of these inclusions suggested that they might be aggresomes. Aggresome formation is a cellular response that occurs when the capacity of the proteasome is exceeded by the production of misfolded and/or toxic proteins (Johnston et al., 1998) . Aggresomes can also be induced by proteasome inhibition (Richter-Landsberg and Leyk, 2013) . Cells target toxic proteins to perinuclear aggresomes via microtubule-dependent retrograde transport and sequester these proteins by encapsulating them with vimentin intermediate filaments or neurofilaments (Johnston et al., 1998) . The pTDP-43 inclusion bodies in MG132-treated fibroblasts were caged by vimentin and also were enriched with ubiquitin, HSP70, p62, LC3, LAMP2, defining them as aggresomes ( Fig. 7A and B ). Further proof that these pTDP-43 inclusions were aggresomes comes from the demonstration that they did not co-localize with the Golgi apparatus marker GM130 nor the mitochondrial marker TIM23 but juxtaposed the endoplasmic reticulum marker KDEL ( Supplementary Fig.  9 ), all of which are known features of aggresomes (Kopito and Sitia, 2000; Walker et al., 2013) . Treatment with nocodazole, a microtubule-depolymerizing drug, abolished the pTDP-43 inclusions providing further confirmation that these were bona fide aggresomes (Fig. 7B) .
Our finding of the reduced abundance of TDP-43 inclusions and the presence of soluble cytoplasmic TDP-43 in C9orf72 ALS/FTLD brains (Figs. 1 and 2) suggested that the C9orf72 mutation may inhibit the formation of insoluble TDP-43 inclusions. To test this possibility in vitro, we examined patient-derived fibroblasts under the condition of proteasome inhibition with MG132. Treatment with MG132 resulted in increased pTDP-43 levels and the formation of large pTDP-43 positive inclusions in sporadic ALS/FTD and ALS fibroblasts but to a lesser degree in C9orf72 fibroblasts ( Fig. 8A and B) . However, p62 levels were similar in sporadic and C9orf72 fibroblasts ( Fig. 8A and C). As these aggresomes were both pTDP-43 and p62positive ( Fig. 7A and B) , we measured the formation of pTDP-43 aggresomes by examining pTDP-43 co-localization with p62. We found a reduced pTDP-43 co-localization with p62-positive aggresomes in C9orf72 fibroblasts compared with sporadic disease fibroblasts ( Fig. 8A and  D) , indicating that C9orf72 fibroblasts were impaired in their ability to form pTDP-43 aggresomes. The reduced pTDP-43 inclusion formation and lack of pTDP-43/p62 colocalization in C9orf72 patient fibroblasts were consistent with our observations in C9orf72 and sporadic ALS/FTLD brains ( Figs. 1 and 3) .
Using the C-terminal TDP-43 antibody to examine other forms of TDP-43, we found that TDP-43 immunostaining overlapped with the nuclear staining marker DAPI in vehicle-treated control fibroblasts ( Fig. 8E and  F) . However, in vehicle-treated C9orf72 fibroblasts, TDP-43 immunostaining was found in the cytoplasm with reduced nuclear TDP-43 signal as compared with fibroblasts from controls ( Fig. 8E and F) . A similar pattern of TDP-43 staining was seen in vehicle-treated sporadic disease fibroblasts but was not statistically significant ( Fig. 8E and F) . Proteasome inhibition again resulted in formation of TDP-43-positive/p62-positive aggresomes in sporadic disease fibroblasts that were reduced in C9orf72 fibroblasts (Fig. 8E, G, and H,  Supplementary Fig. 10 ). Rather than being sequestered to the aggresome, TDP-43 accumulated as diffuse cytoplasmic staining in C9orf72 fibroblasts ( Fig. 8E and F , Supplementary Fig. 10 ).
Discussion
The current study identified several major pathological differences in TDP-43 inclusion formation between sporadic and C9orf72-related disease patients. We confirmed in our pathological samples the previously reported TDP-43-negative/p62-positive inclusions in the cerebellum and hippocampus that define C9orf72 ALS/FTLD neuropathology (Al-Sarraj et al., 2011; Troakes et al., 2012) . In these cases, the hippocampi from sporadic ALS/FTLD contained numerous and easily identified circumferential and round pTDP-43 inclusions, whereas pTDP-43 inclusions were proportionally fewer and were morphologically smaller in C9orf72 ALS/FTLD hippocampi. These findings are consistent with two recently published reports on C9orf72 cases without robust TDP-43 pathology (Vatsavayai et al., 2016; Nana et al., 2019) . Another important finding was the demonstration of soluble cytoplasmic TDP-43 in C9orf72 ALS/FTLD that was largely absent in sporadic ALS/FTLD. Both sporadic and C9orf72 brains had similarly elevated TDP-43 protein levels in the frontal cortex and hippocampus; therefore, the differences in TDP-43 inclusion body formation between sporadic and C9orf72-related diseases could not be attributed to a difference in TDP-43 protein abundance. The lesser presence of TDP-43 inclusions in C9orf72 neurons cannot be attributed to a generalized reduced ability to form cytoplasmic inclusion bodies, as p62 inclusions are more abundant in the C9orf72 hippocampus than sporadic cases. The presence of cytosolic TDP-43 protein in C9orf72 ALS/FTLD neurons is not surprising given recent studies indicating that the nucleocytoplasmic transport of TDP-43 is impaired in Drosophila and neuronal culture models of C9orf72-related disease (Zhang et al., 2015; Khosravi et al., 2017) . We suggest that the presence of soluble TDP-43 protein in the cytoplasm of C9orf72 ALS/FTLD neurons, together with the smaller sizes and proportionally fewer TDP-43 inclusions in these neurons, might implicate an impairment of cytoplasmic TDP-43 inclusion body formation in C9orf72 patients in vivo. Supporting this conclusion are the experiments in -derived fibroblasts, which revealed that the induction of microtubule-dependent TDP-43 inclusion body formation by proteasome inhibition was deficient in C9orf72 fibroblasts compared with sporadic disease fibroblasts. Taken together, these data from ALS/FTLD brains and patient-derived fibroblasts demonstrate that turnover of TDP-43 protein is handled differently in C9orf72related diseases, and suggests that there is an impairment of TDP-43 inclusion body formation in C9orf72 patients compared with sporadic disease patients.
The abnormal HRE in C9orf72 is transcribed bidirectionally to form nuclear RNA foci (DeJesus-Hernandez et al., 2011; Wojciechowska and Krzyzosiak, 2011) and is translated in an AUG-independent manner from both sense and antisense C9orf72 transcripts into five distinct dipeptide protein repeats (Mann et al., 2013; Mori et al., 2013) . These distinct dipeptide protein repeats form neuronal cytoplasmic inclusions that stain positive for p62 (Mann et al., 2013; Mori et al., 2013) . The fact that C9orf72 ALS/FTLD was uniquely characterized by TDP-43-negative/p62-positive inclusions, together with the presence of distinct dipeptide protein repeats-positive/p62positive inclusions, suggest a possibility that distinct dipeptide protein repeats might compete with TDP-43 to become the major constituent of inclusion bodies in C9orf72 patients. It is also possible that RNA foci could block the formation of TDP-43 inclusions via unknown mechanisms. In addition, the abnormal HRE in C9orf72 causes haploinsufficiency in the C9orf72 protein which could affect protein quality control systems (Burk and Pasterkamp, 2019) to disrupt TDP-43 inclusion body formation. Another possible reason for impaired TDP-43 inclusion body formation could be that the C9orf72 mutation, via yet-to-be-identified mechanisms, inhibits the phosphorylation of TDP-43 to block the targeting of TDP-43 into inclusion bodies (Brady et al., 2011) . This hypothesis is supported by our findings that the diffuse cytoplasmic soluble TDP-43 in C9orf72 patient-derived fibroblasts was not labelled by the anti-phospho-TDP-43 antibody and thus represents non-phosphorylated forms of TDP-43. Why the presence of diffuse cytosolic TDP-43 was not always associated with TDP-43 nuclear clearing, which is typically seen in neurons with TDP-43 cytoplasmic inclusions, is unknown, but may have to do with different degree of nucleocytoplasmic transport dysfunction in these C9orf72 neurons. Additional studies are needed to investigate the possible mechanisms underlying how the C9orf72 mutation inhibits the targeting of TDP-43 into inclusion bodies and dysregulates nucleocytoplasmic transport of TDP-43, which could have important implications in understanding the pathogenesis of C9orf72-related TDP-43 proteinopathies such as FTD and ALS.
Our observation of excess TDP-43 protein and its toxic C-terminal fragments in the frontal cortex and hippocampus of sporadic and C9orf72 ALS/FTLD, together with previous studies showing that an overabundance of TDP-43 protein causes neurotoxicity and ALS/FTLD phenotype and pathology in transgenic mice (Wils et al., 2010; Igaz et al., 2011) , provides strong evidence to suggest that aberrantly increased TDP-43 protein levels may contribute to sporadic and C9orf72 ALS/FTLD pathogenesis, possibly via a toxic gain-of-function mechanism. In support of this mechanistic hypothesis is that elevated TDP-43 protein levels in the frontal cortex and hippocampus were seen only in the patients with FTD and pathological FTLD, but TDP-43 protein levels in non-demented, sporadic ALS patients were the same as controls. In addition, our previous work using quantitative proteomics also demonstrated elevated levels of TDP-43 in the frontal cortex of FTD patients as compared with controls (Umoh et al., 2018) .
Our in vitro studies demonstrated that TDP-43 degradation by the UPS is impaired in sporadic and C9orf72 ALS/FTD fibroblasts, which might explain the abnormal accumulation of TDP-43 protein in both patient-derived ALS/FTD fibroblasts (Sabatelli et al., 2015) and ALS/ FTLD brains. The selectively increased TDP-43 protein levels in clinically affected brain regions in ALS/FTLD (frontal cortex and hippocampus), but not in relatively unaffected areas (cerebellum), raises the possibility that the dysfunction in proteasome degradation of TDP-43 correlates with clinical disease activity. Why elevation of TDP-43 protein levels associated with sporadic and C9orf72 ALS/FTD is found in fibroblasts without known skin manifestations in these patients remains unknown. One possibility is that certain brain regions are more vulnerable to TDP-43 toxicity, which is supported by a transgenic mouse model expressing human TDP-43 in all Examples of areas where TDP-43 had some co-localization with p62 were indicated by white arrow heads. Nuclei were visualized by DAPI stain (blue). The percentages of TDP-43 co-localized with nucleus as visualized by DAPI stain (F), TDP-43 co-localized with p62 (G) and p62 co-localized with TDP-43 (H) were quantified as described in the Materials and Methods section. All statistical analyses in this figure were carried out using each case as the experimental unit as described in the Materials and Methods section. The mean for each experimental group was represented by a horizontal line. a P < 0.05 when compared with the corresponding vehicle-treated fibroblasts, b P < 0.05 when compared with the corresponding control fibroblasts, c P < 0.05 when compared with the corresponding sporadic disease fibroblasts based on two-way ANOVA and post-hoc Tukey's test. C9, C9orf72; CTRL, control; pTDP-43, phosphorylated TDP-43.
TDP-43 inclusion in C9orf72 ALS/FTLD tissues but only demonstrating central nervous system manifestation and pathology without causing disease in other organs (Swarup et al., 2011) . In the setting of proteasome inhibition, sporadic ALS/FTD fibroblasts formed TDP-43 aggresomes that were tightly associated with autophagosomes and lysosomes. This finding is consistent with numerous reports that suggest aggresomes are staging areas for the degradation of misfolded proteins by autophagy (Iwata et al., 2005a, b; Mehrpour et al., 2010; Lee et al., 2011) and may explain why aggresome formation is not associated with increased protein levels in cells (Zaarur et al., 2008) . Several studies have reported that aggresome formation correlates with cell survival (Kawaguchi et al., 2003; Taylor et al., 2003; Shiarli et al., 2006) . TDP-43 aggresomes in fibroblasts resembled the TDP-43 cytoplasmic neuronal inclusions in ALS/FTLD brains in that they were both perinuclear in location and that they co-localized with ubiquitin, p62 and HSP70. These inclusions also co-localized with autophagosomes and lysosomes and, therefore, likely served as a location for degradation of excess TDP-43 protein by autophagy.
TDP-43 aggresome formation in response to proteasome inhibition was impaired in C9orf72 fibroblasts compared with sporadic disease fibroblasts. The inability to consolidate TDP-43 into aggresomes likely resulted in inefficient autophagic degradation of excess TDP-43, which suggested an impairment of protein quality control responses and increased cellular toxicity in C9orf72related diseases. Despite a conundrum in the neurodegenerative disease literature regarding whether soluble protein oligomers or insoluble protein inclusions are the culprits for neurotoxicity, the general consensus is that the sequestration of soluble aggregated toxic proteins including TDP-43 by active microtubule-dependent mechanisms into insoluble aggregates is beneficial by preventing toxic, misfolded proteins from saturating chaperones and the proteasome and facilitating their clearance via autophagy (Ross and Poirier, 2004; Cohen et al., 2006; Scotter et al., 2014; Sontag et al., 2014; Sweeney et al., 2017; Soto and Pritzkow, 2018) . Supporting this view, several studies have reported that aggresome formation correlates with cell survival (Kawaguchi et al., 2003; Taylor et al., 2003; Shiarli et al., 2006) . Our study of mutant SOD1 proteins also showed that soluble mutant proteins were demonstrable only in pathologically affected spinal cord tissues, further suggesting that soluble protein species are responsible for ALS pathogenesis (Brotherton et al., 2012) . However, cells are known to be dynamic creatures that can form insoluble proteins from soluble proteins (Bagola and Sommer, 2008) and, therefore, it is virtually impossible to purely isolate and test which protein species mediate cytotoxicity.
The demonstration of aggresome formation in the current work is a cell culture phenomenon that does not necessarily represent the inclusion bodies found in brains. It is also unclear whether the impairment of TDP-43 inclusion body formation in C9orf72 patients has clinical significance given that there are no major phenotypic differences between C9orf72 and sporadic ALS/FTLD patients. Furthermore, impairment of protein quality control systems in these patients could affect not only TDP-43 but also other potentially toxic proteins to contribute to disease pathogenesis. Future studies are needed to determine the clinical and pathophysiological significances of these findings.
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